Proproteins of various vacuolar proteins are post-translationally processed into mature forms by the action of a unique vacuolar processing enzyme. If such a processing enzyme is transported to vacuoles together with proprotein substrates, the enzyme must be a latent form. lmmunocytochemical localization of a vacuolar processing enzyme, a 37-kD cysteine proteinase, in the endosperm of maturing castor bean seeds places the enzyme in the vacuolar matrix, where a variety of proproteins is also present. To characterize a molecular structure of vacuolar processing enzyme, we isolated a cDNA for the enzyme. Deduced primary structure of a 55-kD precursor is 33% identical to a putative cysteine proteinase of the human parasite Schistosoma mansoni. The precursor is composed of a signal peptide, a 37-kD active processing enzyme domain, and a propeptide fragment. Although the precursor expressed in Escherichia coli has no vacuolar processing activity, a 36-kD immunopositive protein expressed in E. coli is active. These results suggest that the activation of the vacuolar processing enzyme requires proteolytic cleavage of a 1CkD C-terminal propeptide fragment of the precursor.
INTRODUCTION
Proprotein precursors of seed proteins synthesized on the endoplasmic reticulum are transported to dense vesicles and then into protein storage vacuoles, where they are proteolytically processed into the mature forms during seed maturation of castor bean (Fukasawa et al., 1988) and pumpkin (Akazawa and Hara-Nishimura, 1985; Hara-Nishimura et al., 1985 . Although most proproteins of various seed proteins are well known to be post-translationally processed into the mature proteins (Higgins, 1984) , the processing mechanism in plant vacuoles is very obscure. Three groups have investigated vacuolar processing activities that convert proglobulin into 11s globulin in maturing pumpkin cotyledons (Hara- Nishimura and Nishimura, 1987) , proglycinin into glycinin in maturing soybean seeds (Scott et al., 1992) , or proricin into ricin in maturing castor bean seeds (Harley and Lord, 1985) , respectively.
Previously, we purified a processing enzyme converting proglobulin into the mature 11s globulin from castor bean endosperm, and the final preparation contained a homogeneous 37-kD band following SDS-PAGE (Laemmli, 1970) . The purified enzyme can process different authentic proproteins located in either the isolated dense vesicles or endoplasmic reticulum (Hara-Nishimura et ai., 1991) . This suggests that a single processing enzyme is responsible for converting various proprotein precursors with a broad range of molecular structure into the respective mature forms. Processing of both proglobulin and pro2S albumin occurs on the C-terminal side of asparagine residues (Krebbers et al., 1988; Hara-Nishimura et al., 1991 . Hydropathy analysis of pro2S albumin revealed that two asparagine residues at the cleavage sites are located in the hydrophilic regions (Hara- Nishimura et ai., 1993) . These results suggest that a unique vacuolar processing enzyme cleaves peptide bonds on the C-terminal side of exposed asparagine residues present on molecular surfaces of various proproteins.
Proglobulin and pro2S albumin are accumulated in both endoplasmic reticulum and dense vesicles of maturing castor bean and pumpkin seeds (Hara-Nishimura et al., 1985 Hara-Nishimura and Nishimura, 1987; Fukasawa et al., 1988) . Endogenous processing of proglobulin was not observed in the isolated endoplasmic reticulum or dense vesicles (HaraNishimura et al., 1985; Hara-Nishimura and Nishimura, 1987) . Thus, if a vacuolar processing enzyme is synthesized on endoplasmic reticulum and transported to vacuoles via dense vesicles along with proprotein precursors of seed proteins, the processing enzyme must be a latent form in these prevacuolar compartments.
Protein storage vacuoles of maturing seeds are composed of crystalloids, matrix, and membrane. 2s albumin is located in the vacuolar matrix , and 11s globulin is the primary constituent of the vacuolar crystalloid (Hara- Nishimura et ai., 1982 Nishimura et ai., , 1987 . Cell fractionation of pulse-chase-labeled cotyledons of maturing pumpkin seeds revealed that proglobulin and pro2S albumin were also accumulated transiently in the vacuoles (Hara-Nishimura et al., 1985 Hayashi et al., 1988a) . The proglobulin and pro2S albumin that are newly imported into the vacuole are thought to be present in the vacuolar matrix and then converted into the respective mature forms. Conversion of proglobulin into 11S globulin reduces the solubility of the protein (data not shown), causing formation of the crystalloid. Thus, the vacuolar processing enzyme must be present in the vacuolar matrix as an active form. These results suggest that a latent form of the vacuolar processing enzyme that is transported to vacuoles should be activated in the vacuolar matrix.
The vacuolar processing enzyme responsible for conversion of various proproteins plays a crucial role in the biosynthesis of vacuolar components and regulates the biogenesis of protein storage vacuoles in seeds. It is well known that proteolytic processing induces a conformational change of the inactive precursor to produce a physiologically active protein (Neurath, 1989) . Characterization of molecular structure of the vacuolar processing enzyme is required to elucidate a mechanism of activation of the enzyme. Here, we report the molecular characterization and subcellular localization of the vacuolar processing enzyme.
RESULTS
Vacuolar processing enzyme converting proglobulin into the mature form was purified from castor bean. The purified enzyme contained a homogeneous band corresponding to 37 kD following SDS-PAGE and Coomassie blue staining, as shown in Figure 1A . The specific activity of the final preparation was determined to be 3.0 units per mg protein. Polyclonal rabbit antibodies were raised against either the purified vacuolar processing enzyme or a fusion protein of a maltose binding protein and the vacuolar processing enzyme that was expressed in Escherichia coli cells. To demonstrate specificity of these antibodies, we conducted an immunoblotting analysis of crude extract of maturing castor bean endosperm. Both antibodies reacted with only a 37-kD band of the vacuolar processing enzyme, as shown in Figure 1B , indicating that these antibodies are specific to vacuolar processing enzyme.
To examine the subcellular location in which the posttranslational processing of proglobulin occurs, we performed an immunocytochemical analysis of maturing castor bean endosperm using a specific antibody against either the purified vacuolar processing enzyme or 11S globulin. Immunoelectron microscopy indicated that the vacuolar processing enzyme is selectively localized in electron-dense areas of the vacuolar matrix of maturing castor bean endosperm, as shown in Figure 2A . Gold particles were not observed in the most electrondense region of the vacuolar crystalloid, and neither were they found in the vacuolar membrane nor in other cellular organelles, such as lipid bodies and mitochondria ( Figure 2A ). The endoplasmic reticulum and Golgi complex were not labeled (data not shown). Specific antibody against the fusion protein of the maltose binding protein and the vacuolar processing enzyme gave similar results. In contrast, when using specific antibody against 11S globulin, we found gold particles distributed throughout the electron-dense area of the matrix as well as the crystalloid in protein storage vacuoles ( Figure 2B ). Notably, the vacuolar processing enzyme is not diffused through the entire matrix, but is concentrated in electron-dense areas together with the proprotein substrates. Selective concentration of the processing enzyme suggests that post-translational processing of various proprotein precursors may only occur within a limited area of the vacuolar matrix. Proproteins are transported into vacuoles via dense vesicles of ~300nm in diameter (Hara-Nishimuraetal., 1985 Fukasawa et al., 1988) . The dense vesicles isolated from maturing pumpkin cotyledons contain high levels of a variety of proproteins . If a precursor of vacuolar processing enzyme is transported to vacuoles via dense vesicles together with proprotein substrates, such as proglobulin and pro2S albumin, the precursor must be a latent form.
To understand the molecular structure of the vacuolar processing enzyme, we isolated a cDNA clone for the enzyme of castor bean. Previous work has shown that a vacuolar processing activity converting proglobulin into mature form reaches a maximum by the late stage of seed maturation (Hara- Nishimura and Nishimura, 1987; Hiraiwa et al., 1993) . Thus, we prepared a cDNA library in pBluescript IISK+ using poly(A) + RNA from castor bean endosperm at the middle stage of seed maturation. Since the N-terminal amino acid of the vacuolar processing enzyme was blocked, the purified enzyme was cleaved with cyanogen bromide (CNBr) to obtain internal peptides. The N-terminal amino acid sequence of a CNBr peptide is YDDIAKNELNPXPGVIINHPQGEDVYAGVPK-DYTGEXV. Primers were synthesized based on the amino acid sequence and were used for screening the cDNA library. One positive clone with the longest insert of ~1.8 kb was isolated and sequenced, as shown in Figure 3 
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AAOCJVVZAATATAGCTCGGTAAAGGCrAOGACATCTAATTAQ\ACACATATGCTGCTGGA 1020 KQQYSSVKARTSNYNTYAAG
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GGlTrTiaCCCriGCAAGrKn^^CTTCCCTCCAAATAATGCCCATCTAAATGCACCTATG 1140 GFDPASVNFPPNNAHLNAPM
GAAGTnjnAACCAAAGAGATGCAGAGCTrCACTTTATGrocXAGCTGrrACAAGAGATCA 1200 Nucleotide and deduced amino acid sequences of the cDNA are represented. The N-terminal amino acid sequence of the CNBr peptide of the vacuolar processing enzyme, which was purified from maturing castor bean endosperm, is underlined. The nucleotide sequence of the cDNA for the vacuolar processing enzyme has been submitted to DDBJ as accession number D17401. (55,043 D), which includes the sequence of the CNBr peptide (underlined in Figure 3) . Interestingly, the deduced precursor of the vacuolar processing enzyme is 33% identical to a putative cysteine proteinase in the human parasite Schistosoma mansoni (Klinkert et al., 1989) , as shown in Figure 4A . This is the most closely related sequence found in the GenPept, PIR, and Swiss-Prot data bases. Previously, we showed that the vacuolar processing enzyme is a cysteine proteinase (Hara- Nishimura and Nishimura, 1987; Hara-Nishimura et al., 1991) . However, the sequences of the vacuolar processing enzyme and the Schistosoma enzyme do not have homology to known cysteine proteinases, including papain from papaya (Cohen et al., 1986) and mammalian cathepsins (Bond and Butler, 1987) , suggesting that both the vacuolar processing enzyme and the Schistosoma enzyme belong to a nove1 type of cysteine proteinase. The deduced precursor sequence of the vacuolar processing enzyme contains a hydrophobic region at the N terminus, as shown in Figure 46 . According to the method reported by von Heijne (1986) , the hydrophobic region is identified to be a signal sequence, and the cleavage site of the signal peptide is predicted to be at the C-terminal side of alanine-31. The cDNA indicates that the precursor is as large as 55 kD, and cleavage of the signal peptide produces an ~5 l -k D molecule, which is larger than 37 kD of the active vacuolar enzyme purified from castor bean. The 51-kD precursor must be further cleaved to remove the -14-kD fragment. Previously, we reported that the vacuolar processing enzyme recognizes asparagine residues in hydrophilic regions of proproteins . Asparagine-374 of the vacuolar processing enzyme precursor is located in the most hydrophilic region (Figure 46 ). It is possible that autolysis at the asparagine-374 to remove a 14-kD C-terminal fragment may COnVert a 51-kD precursor into a 37-kD active vacuolar processing enzyme (Figure 48, discussed below) .
To clarify whether the precursor has vacuolar processing activity, we expressed the vacuolar processing enzyme precursor in E. coli cells. E. coli was transformed with pVPE, which encoded the full coding region of the vacuolar processing (A) Sequence alignment was performed using GeneWorks (IntelliGenetics, Mountain View, CA). The vacuolar processing enzyme (VPE) and a putative cysteine proteinase of S. mansoni (Sm32; Klinkert et al., 1989) are 33% identical. Boxed residues indicate identical amino acids, and shaded residues indicate homologous amino acids. The N terminus of the mature Schistosoma enzyme is located at valine-32, which is indicated by a star. The closed triangle indicates a putative cleavage site of a signal peptide. The open triangle indicates asparagine-374 at a possible cleavage site to generate an active vacuolar processing enzyme of 37 kD. (6) Hydropathy profile and a model for primary structural organization of the vacuolar processing enzyme precursor. The mean hydrophobicity index was computed according to the algorithm of Kyte and Doolittle (1982) with a window of 11 residues. A putative signal sequence is present at the N terminus.
enzyme precursor, or with a deletion mutant, pVPEdel, in which a 5' region encoding the signal sequence was deleted from the pVPE insert. We assayed the vacuolar processing activity in these transformed cells using a synthesized decapeptide of SESENGLEET, which is derived from the sequence around the post-translational processing site of pumpkin proglobulin (Hayashi et al., 1988b) . The decapeptide was incubated with transformed E. co//cells treated with toluene, and the reaction products were subjected to capillary electrophoretic analysis. Control capillary electrophoretic profiles of a lysate of £ co// harboring pBluescript IISK+ and a reaction product after incubation of substrate with the same transformed cells for 3 hr are shown in Figures 5A and 5B, respectively. After 1 and 3 hr of incubation with the pVPEdel transformant, the decapeptide was time-dependently split into two peptide fragments, SESEN and GLEET, as shown in Figures 5C and 5D , respectively. This reveals that a single cleavage occurred between an asparagine and a glycine, as expected from the in vivo processing of proglobulin. In contrast, £ co//transformed with pVPE had no such proteolytic activity ( Figure 5E ).
We further performed immunoblotting of the expressed proteins in £ co//transformed with pVPE or pVPEdel. An immunopositive 55-kD protein was detected in lysate of £ coli transformed with pVPE ( Figure 5E ). The molecular mass of 55 kD is consistent with 55,403 D of the predicted precursor from the cDNA. This indicates that the 55-kD precursor of the vacuolar processing enzyme has no activity. On the other hand, an immunopositive 36-kD protein was detected in the cells transformed with pVPEdel ( Figure 5C ). This molecular mass is similar to the 37 kD of the authentic vacuolar processing enzyme and is ~15 kD smaller than is expected from the size of the pVPEdel insert. The 36-kD protein might be generated by proteolysis and/or autolysis of the expressed protein in the £ coli cells.
DISCUSSION
To clarify the mechanism of vacuolar processing essential for biogenesis of protein storage vacuoles in seeds, we examined Figure 1B .
the biosynthesis and activation of the vacuolar processing enzyme. Previously, we described a 37-kD vacuolar processing enzyme that was responsible for conversion of various proproteins into their respective mature forms (Hara- . The presence of an immunopositive 37-kD protein in the crude extract of castor bean seeds (Figure l ) demonstrates that the 37-kD enzyme is an actual mature enzyme and is not a degradation product during purification. The molecular mass of 55 kD of the deduced precursor is much larger than that of the 37-kD mature active enzyme. The presence of a hydrophobic signal peptide at the N terminus indicates that the vacuolar processing enzyme is synthesized on the rough endoplasmic reticulum, and after cleavage of the signal peptide the 55-kD precursor is converted into a 51-kD precursor that is transported to vacuoles. The result of an in vitro vacuolar processing experiment of the transformed cells suggests that the larger precursor has no vacuolar processing activity. Recently, we immunocytochemically observed that the vacuolar processing enzyme was localized in the dense vesicles that mediate transport of proproteins of various seed proteins to vacuoles (Hiraiwa et al., 1993) . However, processing of the proproteins does not occur in these vesicles (Hara- Nishimura et al., 1985) . Overall results suggest that the precursor of the vacuolar processing enzyme in the dense vesicles is a latent form, which is transported to vacuoles and then activated in the vacuolar matrix by cleavage of a peptide fragment(s) of 4 4 kD. Figure 4A shows that the region from tryptophan-63 to tyrosine-86 of the vacuolar processing enzyme precursor is most homologous with the Schistosoma enzyme. Cysteine-83 in this region may be an active site of the enzyme. In contrast, the C-terminal region of 4 0 0 amino acids is less homologous. Thus, it is most likely that the removal of a 14-kD C-terminal fragment converts the 51-kD precursor into the 37-kD mature enzyme. A model for primary structural organization of the vacuolar processing enzyme precursor is shown in Figure 46 . Because the N-terminal amino acid of the mature vacuolar processing enzyme is blocked, it remains to be solved whether a small prosequence fragment between a signal peptide and the mature enzyme domain is present.
In a previous paper, we proposed that the vacuolar processing enzyme recognizes exposed asparagine residues on the molecular surface of proproteins . Post-translational processing of the pro2S albumin occurs on the C-terminal side of two asparagine residues located in the hydrophilic region . Asparagine-374 of the vacuolar processing enzyme precursor is also located in the most hydrophilic region, and a sequence SENGSE around the asparagine residue is homologous to the sequence SENGLE of the synthetic peptide, which was used as a substrate for the vacuolar processing enzyme. Autolysis of the C-terminal side of the asparagine residue may convert an inactive precursor into a 37-kD active form. Alternatively, the most hydrophilic region might be exposed on the molecular surface of the vacuolar processing enzyme precursor, and some proteolytic enzyme may easily attack the region. Neurath (1989) reported that the sites of proteolytic processing are generally in relatively flexible interdomain segments or surface loops. It is likely that proteolysis and/or autolysis around the asparagine residue induces a conformational change in the inactive precursor and then generates an active vacuolar processing enzyme in vivo and in E. coli transformed with pVPEdel. Gotz and Klinkert (1993) reported that insect cells expressing the complete cDNA sequence of the putative cysteine proteinase of the human parasite S. mansoni has no proteolytib activity on hemoglobin. They suggested that the expressed protein is not further cleaved to produce an active form. The mature form of the Schistosoma enzyme is 32 kD, and the N terminus is located at valine-32 of the 49-kD precursor (Klinkert et al., 1989) , indicating that a C-terminal fragment of -14 kD is removed from the precursor to produce the mature enzyme. These results are consistent with the present results showing that the vacuolar processing enzyme precursor expressed in E. coli had no vacuolar processing activity and that removal of a 14-kD C-terminal fragment converts the vacuolar processing enzyme precursor into an active mature enzyme.
Recently, Pueyo et al. (1993) reported that vacuolar processing at asparagine residues of the Phaseolus a-amylase inhibitor proprotein is required for its activation. They made a mutant a-amylase inhibitor in which asparagine at the cleavage site was changed to aspartic acid, and they showed that the a-amylase inhibitor proprotein expressed in tobacco had no inhibitory activity. Such proteolytic processing associated with the activation of protein function is a common mechanism of physiological regulation and is well characterized in the case of animal cells, including prohormone processing and cascade for blood coagulation (Bond and Butler, 1987; Neurath, 1989) .
Proprotein processing for proteinase inhibitors of tomato leaves (Graham et al., 1985) and Nicotiana alata stigma (Atkinson et al., 1993) occurs also on the C-terminal side of an asparagine residue. A processing mechanism similar to that observed in storage tissues might take place in a lyticvacuole of nonstorage tissues. Recently, we detected low levels of the vacuolar processing activity in different nonstorage tissues of castor bean, including roots and mature leaves (Hiraiwa et al., 1993) . These results support our suggestion that the vacuolar processing is a universal event in vacuoles of different tissues and that a vacuolar processing enzyme similar to the enzyme we describe in the present study functions on proprotein precursors in the vacuoles of a broad range of plant tissues.
The vacuolar processing activity of the pumpkin cotyledon increases during seed maturation (Hara- Nishimura and Nishimura, 1987; Hiraiwa et al., 1993) and is involved in the biosynthesis of seed proteins, which nourish the developing seedling during seed germination (Hara- Nishimura et al., 1982) . On the other hand, the Schistosoma enzyme is most abundant in the females for egg production (Davis et al., 1987) , but the physiological function remains unknown. Considering its homology to the vacuolar processing enzyme, the Schistosoma enzyme may be involved in the biosynthesis of some proteins that are necessary for oviproduction. It is noteworthy that these two proteinases may have analogous roles related to production of essential nutrients for embryogenesis in these very distantly related organisms.
METHODS
Plant Materials
Castor bean (Ricinus communis) seeds were obtained from ltoh Seiyu Co. (Yokkaichi, Japan). Castor bean seeds were grown in the greenhouse and endosperms of maturing seeds, freshly harvested 25 to 30 days after fertilization, were used as experimental materials.
Purification of the Vacuolar Processing Enzyme from Endosperm of Dry Castor Beans
The vacuolar processing enzyme was purified from dry castor bean seeds essentially according to the method described previously (Hara- . Protein bodies were isolated from dry castor bean seeds as described previously (Hara-Nishimura et al., 1982) and were lysed by adding a solution of 10 mM of Tris-Mes, pH 6.4, 5 mM of EDTA, and 0.1 M of sucrose. The homogenate was centrifuged at 100,000gfor 1 hr using a Beckman 45Ti rotor to remove the membranes and the crystalloid composed of the 11s globulin. The resulting supernatant was sequentially subjected to 80% saturated ammonium sulfate precipitation to concentrate the activity, concanavalin A-Sepharose chromatography to remove ricin, which is an abundant glycoprotein in castor bean seeds, and Monos (Pharmacia LKB Biotechnology, Sweden) chromatography. The vacuolar processing enzyme is not a glycoprotein and is not bound to concanavalin A-Sepharose. The protein content was analyzed with a protein assay kit (Bio-Rad).
Assay for Vacuolar Processing Enzyme Activity
Decapeptide substrate synthesized with a peptide synthesizer (model 430A; Applied Biosystems, Foster City, CA) was used for an assay of the vacuolar processing enzyme as described previously (HaraNishimura et al., 1991) . The decapeptide sequence, SESENGLEET, is derived from the sequence around the processing site of proglobulin (Hayashi et al., 1988b) , a proprotein precursor of the pumpkin 11s globulin. The reaction mixture contained 4.5 nmol of the decapeptide substrate and enzyme extract in 5 pL of 20 mM sodium acetate, pH 5.5, 0.1 M dithiothreitol (DTT), and 0.1 mM EDTA. The mixture was incubated for 10 to 30 min at P C , and the product of the reaction was subjected to analytical capillary electrophoresis (model VOA; Applied Biosystems) at 3OoC and 20 kV in 10 mM sodium borate buffer, pH 9.0. Electrophoresis was monitored in terms of absorbance at 200 nm. The vacuolar processing enzyme cleaves only the peptide bond on the C-terminal side of asparagine residue to generate two pentapeptides: P1, SESEN, and P2, GLEET. To measure the migration time of the pentapeptides on a capillary electrophoresis, each P1 or P2 pentapeptide fractionated by HPLC was subjected to capillary electrophoresis analysis. One unit of activity was defined as the amount that liberated 1 pmol of pentapeptide P2 per minute under the conditions of the reaction.
Production of Antiserum
Polyclonal rabbit antibodies were raised against both the purified vacuclar processing enzyme and a fusion protein consisting of the maltose binding protein preceding the processing enzyme. The purified vacuolar processing enzyme ( 4 0 pg) was injected into a rabbit subcutaneously with complete Freunds adjuvant (Freund, 1951) . After 3 weeks, two booster injections with incomplete adjuvant were given at Fday intervals. After 1 week of a booster injection, blood was drawn and the antiserum was prepared. Alternatively, a fusion protein, which consisted of the vacuolar processing enzyme fused to a maltose binding protein, was expressed in Eschericbia coli cells using the Protein Fusion and Purification System (New England Biolabs, Beverly, MA) according to the manufacturer's directions. The expressed fusion protein was located in inclusion bodies of the cell as a primary constituent, judging from an immunoblotting analysis using an antibody against a purified vacuolar processing enzyme. The fusion protein in the inclusion bodies was subjected to SDS-PAGE without prior separation of the maltose binding protein domain. After staining protein components with Coomassie Brilliant Blue R 250, the band corresponding to the fusion protein was cut from the gel and used for immunization as described above.
lmmunoblotting Analysis
To demonstrate specificity of the antibodies generated as described above, we performed an immunoblotting analysis using crude extract of castor bean endosperm at the middle stage of seed maturation. One gram fresh weight of maturing endosperm of castor bean was homogenized with 2 mL of 10 mM Tris-HCI, pH 7.5, on ice. The homogenate was centrifuged twice at 20,0009 for 15 min at 4OC, and the supernatant was used as a crude extract of castor bean endosperm. The crude extract (3 pL) and the purified vacuolar processing enzyme (0.6 mU, 0.15 pg) were subjected to SDS-PAGE on a 12% polyacrylamide gel, and the separated proteins on the gels were electrophoretically blotted to GVHP membranes (Nihon Millipore, Tokyo, Japan). The immunoblotting reaction was performed using each solution of an antibody against the purified vacuolar processing enzyme diluted 1:10,000 or an antibody against the above fusion protein expressed in E. colidiluted 1:2000 and alkaline phosphatase-conjugated protein A (Cappel, West Chester, PA) diluted 1:2000.
lmmunocytochemical Analysis
Castor bean endosperms were harvested at the middle stage of seed maturation. The endosperms were vacuum infiltrated for 1 hr with a fixative that consisted of 4% paraformaldehyde, 1% glutaraldehyde, and 0.06 M sucrose in 0.05 M of cacodylate buffer, pH 7.4. The endosperms were then cut into slices less than 1 mm thick and treated for another 2 hr with freshly prepared fixative. After washing with the same buffer, the samples were dehydrated in a graded dimethylformamide series at -2OOC and embedded in LR White resin (London Resin Co. Ltd., Basingstoke, Hampshire, U.K.). Blocks were polymerized under a UV lamp at -2OOC for 24 hr. Ultrathin sections were cut with a diamond knife using a Reichert ultramicrotome (Leica, Heidelberg, Germany) and mounted on uncoated nickel grids.
lmmunocytochemical procedures for protein A-gold labeling were essentially as described previously . The sections were treated with blocking solution of 1% bovine serum albumin in phosphate-buffered saline for 1 hr at room temperature. The sections were then incubated overnight with each solution of an antibody against the purified vacuolar processing enzyme diluted 1:20,000, an antibody against the above fusion protein expressed in E. coli cells diluted 1:200, or an antibody against castor bean 11s globulin diluted 1:2000 in the blocking solution at 4OC. After washing with phosphatebuffered saline, sections were incubated with a solution of protein A-gold (15 nm; Amersham Japan, Tokyo) diluted 1:30 in the blocking solution for 30 min at room temperature. The sections were washed with distilled water and then stained with 4% uranyl acetate and lead citrate. After staining, all sections were examined with a transmission electron microscope (1200 EX; JEOL, Tokyo, Japan) at 80 kV.
N-Terminal Sequencing of the Interna1 Peptide of the Vacuolar Processing Enzyme N-terminal amino acids of the purified vacuolar processing enzyme were not detected by Edman degradation. To determine an internal amino acid sequence, the enzyme was cleaved with cyanogen bromide (CNBr). The partially purified enzyme was subjected to SDS-PAGE, and the protein components were transferred to an Immobilon-P membrane (Millipore, Bedford, MA). After staining of proteins on the blot with Coomassie blue, the band corresponding to the enzyme was cut from the blot and incubated with a IO-mg/mL solution of CNBr in 70% formic acid at room temperature for 12 hr. The CNBr fragments were eluted from the membrane with a solvent of 70% isopropanol, 0.2% trifluoroacetic acid, 0.1 mM lysine, and 0.1 mM thioglycolic acid. After the solution was dried using a Speed Vac Concentrator (Savant, Farmingdale, NY), the CNBr peptides were subjected Nucleotide Sequence of cDNA for the Vacuolar Processing Enzyme DeYetion mutants in both sense and antisense strands of the cDNA insert were constructed using a deletion kit (Takara, Kyoto, Japan) according to the manufacturer's directions. DNA sequence analysis was performed using a fluorescence DNA sequencer (model373A; Applied Biosystems) with T3 and T7 fluorescent primers according to the manufacturer's directions.
Functional Expression of the Vacuolar Processing Enryme
A culture of E. coli transformed with pVPE or pVPEdel was incubated overnight and then inoculated into 1.5 mL of Luria-Bertani medium containing 1 mM isopropyl P-D-thiogalactopyranoside. After incubation for 3 hr at 25OC, the cells were suspended in 0.1 mLof 0.1 M sodium acetate buffer, pH 5.5, 0.1 M DTT, and 0.1 mM EDTA. To make cells permeable, 5 pL of toluene was added to the suspension, and then it was vigorously mixed for 15 sec. The cleavage reaction mixture contained 2 pL of a 2-mM preparation of the decapeptide, 2.5 pL of the toluene-treated cells, and 0.5 pL of a solution containing 1 M sodium acetate buffer, pH 5.5, 1 M DTT, and 1 mM EDTA. Four nanoliters of the reaction products was subjected to capillary electrophoresis analysis after incubation for 1 or 3 hr at 37%. Each cell suspension of E. colitransformed with pVPE or pVPEdel after induction by 1 mM isopropyl p-D-thiogalactopyranoside was subjected to SDS-PAGE followed by immunoblotting analysis as described above.
to tricine-SDS-PAGE using a 16.5% acrylamide gel (Schagger and Von Jagow, 1987) , and the separated peptides were transferred to a ProBlott membrane (Applied Biosystems). After staining with Coomassie blue, each band was cut from the blot and subjected to automatic Edman degradation on a gas-phase sequence analyzer (model47OA; Applied Biosystems).
Construction of a cDNA Library for Maturing Castor Bean Endosperm and lsolation of cDNA for the Vacuolar Processing Enzyme of Castor Bean Poly(A)+ RNA was prepared from maturing castor bean endosperm by SDS-phenol extraction and chromatography on oligo(dT)-cellulose. A cDNA library in pBluescript II SK+ (Stratagene) was constructed with the poly(A)+ RNA as described previously (Mori et al., 1991) . E. coli cells (DH5a) were transformed with the library, and the transformants were separated into 24 independent groups. Two degenerate primers, I and 11, 5'TA(T/C)GA(T/C)GA(T/C)AT-(AE/C)GC(G/A/T/C)AA(G/A)AA(T/C)GA-3' and 5'-GC(G/A)TA(G/A/T/C)-AC(G/A)TC(T/C)TC(G/AE/C)CC(T/C)TG(G/AE/C)GG-3', respectively, were synthesized based on the sequence of an internal peptide fragment. Plasmid DNAs prepared from transformants in each group of the library were used for 20 cycles of polymerase chain reaction (PCR) with 1 pM each of a universal T3 primer and degenerate primer II. The PCR products were electrophoresed and hybridized to 32P-labeled primer I to select the group of transformants containing the longest cDNA. Approximately 7 x 103 independent recombinants from the selected group were screened using an 80-bp PCR-amplified fragment with primers I and I 1 as probes. A positive clone with a 1.8-kb insert was isolated.
